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INTRODUCTION 
Some recently developed pyrolysis models'" reasonably combine the kinetics of bridge 
breakinglformation with the Bethe lattice statistics"'that recognizes aromatic clusters and bridges as sires 
and bonds, respectively. The assumption of coal as a lattice can be examined by analyzing the 
Characteristics of its degradation, which provides the measurable structural changes of coal, namely, the 
decrease in the bridge concentration and corresponding increase in the fraction of low-molecular-mass 
components released from the network. The relationship between these changes may be quantitatively 
described by assuming coal as a lattice having a particular chain configuration. The a u t h ~ r s ~ . ~  found that 
an 0, oxidation in weakly alkaline aqueous phase solubilizes low rank coals to considerable extent. The 
oxidation increased the mass fraction of solvent-extractable material in a brown coal from 0.15 to 0.97. 
Analyses of the products revealed that aromatic carbon was selectively oxidized into carboxyls in the 
residual solid as oxidized coal, water-soluble non-aromatic acids and carbon dioxide, while aliphatic 
carbon was minimally involved in the reaction. Considering that the coal consists of aromatic clusters 
and inter-cluster bridges, they proposed a reaction mechanism that the oxidation converted aromatic 
carbons bonded to bridges into peripheral carboxyl groups on the neighboring clusters, and did the other 
aromatic carbons into non-aromatic acids or carbon dioxide. According to this mechanism as illustrated 
in Figure I ,  the oxidation decomposes the macromolecular network of the coal by eliminating clusters as 
sires and converting bridges as bonds into peripherals. If the mechanism is valid, the extent of the 
degradation can be quantified by determining the amounts of lost bridges and clusters from those of 
formed carboxyls and oxidized aromatic carbon, respectively. In addition, the number of carboxyls 
formed as peripherals is expected to be equal to that of bridges which were bonded to eliminated clusters. 
The present paper examines the validity of the above-described mechanism of the oxidation and the 
applicability of general lattice statistics to the analysis of the degradation characteristics. 

EXPERIMENTAL 
Acid washed Morwell brown coal was oxidized at 85 "C for I - 12 h in an aqueous solution of Na,CO,, 
into which atmospheric oxygen gas was continuously bubbled. Details of the experimental procedure 
were described elsewhere'. The oxidized coal obtained through the oxidation for X h is hereafter referred 
to as SX. The oxidized coals were analyzed by a C P M S  "C-NMR, and the carbon type distributions 
of the indivpal samples were determined. Details of the measurements, peak assignment and curve 
resolution of spectra were reported previously7. The concentrations of carbonylic, carboxylic and 
phenolic groups were measured by means of oximation, ion exchange and acetylation, respectively. The 
samples were also subjected to exhaustive extraction with various single and mixed solvents at ambient 
temperature under ultrasonic irradiation. For the all samples, the mass fraction of solvent-extractable 
material was defined as that of material extracted with DMF that gave the greatest fractions among the 
solvents employed'. Molecular mass distribution of the extracts was measured by a laser desorption- 
ionization spectrometry (LDMS) on a spectrometer (Japan Peneptive, model Voyagerm RP-DE). The 
spectra were observed in a linear mode under the following conditions: accelerating voltage; 25 kV, mass 
range; 50 - 100000, pressure; 1 - 2.10-7 torr. Pulses of a nitrogen laser operating at 337 nm was used for 
the laser desorption. 

RESULTS AND DISCUSSION 
The structural analyses determined the fractions of different types of carbon found in the oxidized coals: 
/& (carbonylic carbon), fcwH (carboxylic carbon),/& (phenolic carbon), f.+ (aromatic C bonded to ether), 
f.< (aromatic C bonded to carbon), f..,, (protonated aromatic C), fbo (aliphatic C bonded to 0 other than 
methoxy carbon), f.llocH3 (methoxy), JiacHl (methylene or methin at a position to aromatic C), f . IEH1 
(methylene at B position), f.,.acHI (methyl at a position) and f.f.cHJ (methyl at remote position). These 
fractions are indicated in the unit of mol-C per 100-mol C in SO. The fractions of total aromatic and 
aliphatic carbons, referred to asf. and jd, respectively, are defined as 

, 

f. = fa-= 

f . f ~ f . ~ - O + f a l - o C H 3 + f d - o C W Z  +/ol-CWZ + f d - o C H 3 + f d - r C H 3  +fdl-oc~& 

/o-OH + f e <  + f o - H  

is the fraction of aliphatic carbon contained in non-aromatic acids. /= was calculated by the 
difference between the fraction of oxygen-bonded aromatic carbon that was determined by the NMR and 
La,,. Figure 2 showsf., f.! and/&,, as a function of oxidation time. f. decreases monotonously with 
time whilef., remains unchanged. Here, 
the differences off.  and /cwH from those of SO are defined as Af. and A/&,,, respectively. The figure 
also shows the change in the fraction of aromatic carbon bonded to bridges, L4, which was calculated 
according to Solum et a1.8. 

It is also seen that&,,, increases as the oxidation progresses. 
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f a - b  f0-C + f o - ~ - ( f c o o H  + f d d c H l +  f d - I C H l + f d - o C H l )  

The dmrease inf.+ with time indicates the loss of bridges by the oxidation. 
is calculated from a simple stoichiometry. 

The total amount of bridges 

N b E f a - b h  
The loss of bridges, ANb. is here defined as 

ANb = Nb (for SO) - Nb (for SX) 

When aromatic clusters are eliminated by the oxidation of aromatic carbon involved in them, the amount 
of eliminated clusters (AN,) is expected to have a linear relationship with the loss of aromatic carbon 
leading ro rhe eliminorion, defined as Ah*.  ANc and A%* are expressed in the units of mol-cluster/lOO 
mol-C in SO and mol-C/100 mol-C in SO, respectively. They are related as 

mc = AL * In .  
where AL* is the loss of aromatic carbon accompanied with the loss of an aromatic ring, and is a little 
smaller than the observed loss, AL, due to the formation of a small amount of quinones that never 
contributes to the elimination of clusters. The calculation of Af.’ was described in OUT previous report’. 
n. is the average number of aromatic carbon atoms per cluster. The number can be estimated from the 
abundance of bridgehead carbon relative to total aromatic carbon*. As reported previously, for SO - S12, 
h4 was found to account for at most 4 % off.. Such appreciably small values off.4h indicate that the 
assumption of monoaromatic rings, in other words, n. is 6 mol-C/mol-cluster, is reasonable for the all 
samples. 

Figure 3 shows ANb and AfcwH as a function of ANc. ANb is seen to be in good agreement with A&,,, as 
expected by the proposed mechanism of the oxidation, although some deviations are seen. Also, ANb and 
A&,,, can be related linearly with ANc at a slope of about 2.2. This means that 2.2 bridges are lost when 
an aromatic cluster is eliminated by the oxidation, and hence that each of the lost clusters was bonded to 
the same number of bridges in average. Moreover, the linear relationship itself should be noted when 
the mechanism of the oxidation is considered. As illustrated in Figure I ,  the elimination of a cluster 
accompanies the formation of carboxyl groups at the chain ends of the neighboring clusters. As we 
described in the previous paper’, aromatic rings carrying carboxyls generally have oxidation reactivities 
orders-of-magnitude smaller than do those without carboxyls. Therefore the neighboring clusters may 
behave as inert ones after carboxyls are formed, while they also lose bridges initially connected to them. 
Thus, the elimination of clusters would occur non-randomly, producing deactivated clusters that 
accumulate as the oxidation progresses. Here, let us consider the degradation of a macromolecular 
network or lattice consisting of clusters and bridges, of which initial concentration of inter-cluster bridges 
is nb,o (= 2.Nb,,/N,,). The degradation is supposed to be caused by the elimination of clusters (or sites). 
In the case of a degradation involving deactivation processes as described above, the average number of 
bridges bonded to a remaining ‘reactive’ cluster is independent of NJNc,, and equals to the initial bridge 
concentration, namely nb,@ Then, when a cluster is eliminated, nb.,, bridges are always lost, and the 
following relationship holds. 

nb - 2 N b / N c  = 2 { N b o -  nb,o(NCo- N C ) } / N c =  b { 2 ( N c / N , , o )  - I } / ( N c / N < o )  (1) 
where NJNC,, is the fraction of remaining clusters to that before degradation and is a measure of the extant 
of cluster elimination. Figure 4 shows the observed nb as a function of N/Nco together with lines drawn 
on the basis of Eq.(l) assuming nb,D = 2.23. The observed change of nb is seen to be well explained by 
the equation, Le., the non-random degradation. Eq.(l) can apply to any lattices having different 
dimensions, coordinatioh numbers and bridge densities. Thus, the results shown in Figures 2-4 reveal 
that the changes in fcooH, N, and Nb are reasonably explained on the basis of the proposed oxidation 
mechanism. and are also quantitatively described by the assumption that the coal is a lattice with nb.o of 
2.2, while other parameters such as the coordination number are so far unknown. 

The above explanation of the change in nb by Eq.(l) not only provides the initial bridge concentration but 
also allows us to analyze other characteristics of the degradation assuming that the coal is a lattice. 
Bethe pseudo lattices are statistical lattices, each of which has infinite number of sites and is defined by 
the coordination number (Z) and site occupation probability @. 0 5 p 51) that is the number fraction of 
occupied sites to the total number of sites. When two sites neighboring to each other are both occupied, 
they are recognized to be linked by a bridge. Another characteristic of Bethe lattices is that no loops are 
allowed in them. The absence of loops provides analytical solutions of states of the lattices by only 
giving the parameters. Z and p .  and this is the reason why the coal is assumed to be a Bethe lattice in the 
models described below. For a Bethe lattice with Z and p ,  nb is expressed as 

When the degradation of the lattice occurs with a random site-elimination mechanism, a given probability 
p *  and corresponding bridge concentration nb* are related as follows. 

where PO is the site-occupation probability of the initial lattice with nbD - Z x po . 
Can also provide the distribution of degree of polymerization. 
belongs to rn-mers, each of which consists of rn sites and (m - I )  bridges, is given as 

nb = z X p  

nb’lnb,O=p’/pb ( 2 )  
The lattice statistics 

The possibility of that an occupied site 

~ ( p * ) = m b m p ( m J ) ( / - p . )  (m(z-2)+z}  

648 



I 

where mb. is the total number of configurations possible for m-men. 
the fraction of m-mer with regard to the occupied-sites. 
men as a function ofp' for the Bethe lattice with Z= 3. 

F,,,(p*) is essentially the same as 
Figure 5 shows the fractions of finite-sized m- 

F&*) seen in the figure is defined as 

4-,(P.)-ZK(P.) m- 6 

Funher details of the Bethe lattice statistics are well described in literature4", and are therefore not done 
here. Eq.(2) that gives the relationship between the changes in nb* and p*  is applicable to the 
description of Bethe lattice degradation only when the elimination of sites occurs randomly (Case-I). In 
another case (Case-11) that the elimination of a site accompanies the deactivation of the neighboring sites 
as Seen in the present oxidation, the elimination of a site results in the loss of nbO bridges. Then, nb at a site 
occupation probabi1ity.p. is expressed as 

nb/nbD511-2(W-P)/PO}/ (PIpb)  (3) 
&.(3) is directly derived from F,q.(2), sinceph, = N J N , ,  As shown in Figure 6, nb in Case-I1 is smaller 
than n,* in Case-I when p = p * .  Essentially, degradation of latticehetwork is brought about by the 
elimination of bridges, and in this sense, the extent of degradation could be evaluated on the basis of the 
decrease in the bridge concentration, i e., nb. Considering the above, p can be converted into another 
pmbability,p**, that gives nb equivalent to nb*. p** is then calculated as 

P"- P o { l - 2 ( P o - P ) / p b } / ( P / p b )  
Thus, if the chemical network of the coal can be assumed to be a Bethe lattice, its degradation caused by 
the oxidation would be approximately described by a random degradation usingp**. 

Here, a structural model of the coal are proposed and examined on the applicability to quantitative 
explanation of changes in the fraction of extractable material caused by the oxidation and molecular mass 
distribution of the material. The first model assumes the followings: 
I .  

2. 

3. 

4. 

5.  

SO consists of solvent extractable material and a fully developed network. The extractable material 
comprises of m-mers with m ranging from 1 - 40, while the network is described as a Bethe lattice 
withp, = 1 and thus nb,o =Z. 
The fractions of the network and extractable material in SO are 0.85 and 0.15, respectively, which is 
based on the observed V,,, for SO, 0.15. 
The concentration of bridges for the extractable material (referred to as n;,,,) is 1.8, which was 
determined by analyzing a Cp/MAS "C-NMRspectrum of DMF extract from SO. 
When a site is eliminated, the probability of that the site belongs to the network is 0.85. This is 
based on the assumption that the network and extractable material have equivalent reactivity to the 
oxidation. 
The solvent extractable material, given as DMF extract, consists of molecules whose degree of 
polymerization ranges From 1 to 40, The basis of this assumption is mentioned below. 

In addition to the above, the second assumption for the model A is also considered in the model B. 
Figure 7 compares calculated F,&) BS a function Ofp*/p ,  with I'D,,. It should be noted that F,&) 
strongly depends on Z and also agrees well with V,,, at Z = 2.18. In the model B, the bridge 
concentration of SO, namely nbo is given as 

nba - 085Z+O.I5n$ 
and then nbO is calculated as 2.1 using Z = 2.2. This value of nbO is in good agreement with that 
determined from the results shown in Figure 5, Le., 2.2. This is, however, not enough to demonstrate the 
validity of the model B. The predicted distribution of molecular mass or degree of polymerization of the 
solvent extractable material should also be in agreement with that observed. Figure 8 illustrates LD/MS 
spectra of DMF extracts from SO, S3, S6, S9 and S12. The spectra reveal that the features common 
among the extracts from different oxidized coals; that the molecular mass distributes widely over the 
range from 100 up to 8,000 and that compounds with molecular mass of around 300 are the most 
abundant. Moreover, the distribution seems not to vary significantly with the extent of the oxidation. 
The distribution of molecular mass could be converted into that of degree of polymerization, by giving the 
average molecular mass of the monomeric unit. The average molecular mass, M, was calculated as 
about 200 by considering the carbon content, n. and f.. The value of M, means that the degree of 
polymerization of the extracts ranges from 1 to approximately 40. This is the basis of that F,&) is 
considered in the above-described models. Figure 9 shows the molecular mass distribution predicted by 
the model B assuming M ,  = 200. The calculated distribution is little sensitive to the probability p" as 
seen for the mass spectra of DMF extracts. It should also be noted that the distribution agrees well with 
that observed, although the quantitative comparison of them is difficult at present, due to that the 
molecular mass per monomeric unit itself should more or less distribute due to variety of chemical 
smcture of peripherals and bridges. 

CONCLUSIONS 
The oxidation depolymerizes the coal by eliminating aromatic clusters. When a cluster is eliminated, the 
bridges that have been connected to the cluster are converted into peripheral chains of the neighboring 
clusters, and carboxyl groups are formed at the ends of the peripherals. The elimination of the cluster 
also accompanies the deactivation of the neighboring clusters due to the formed carboxyls. The 
mechanism of the oxidation allows us to describe the following relationships; 

' 
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A/CWH - ANb and AfcmH /Ah’< - m b f  mc - nb 0 - 2 2  

The model B, which assumes that coal is a mixture of a fully developed Bethe lattice with Z = 2.2 and po  
= I ,  and solvent extractable material with ni,o = 1.8, reasonably predicts the observed increase in the 
fraction of DMF extractable material. The model can also predict the extract’s molecular mass 
distribution semi-quantitatively as a fmction ofp” , the corrected. 
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Figure 1. Elimination of aromatic cluster and conversion of inter-cluster bridge into carboxyl 
group by oxidation. 
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Figure 2.  Fraction of different types Of Carbon,f,fa,,fcooHandfa~b, as a function of oxidation 
time. 
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Figure 3. AfcooH and mNb as a function of loss of 

aromatic clusters, ANc. 

Figure 4. Observed and calculated "b as a 

function of N&Vc,o. 
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Figure 5. Fraction of site belonging to mmers  as a 
function of site-occupation probability, p*. 
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Figure 7. Fraction of DMF-extractable material, 
Y,,, as a function of normalized probability 
p**b0 and its comparison with F,.,dp) predicted 

by model-B assuming different values of Z. 
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Figure 9. Molecular mass distribution predicted by 
model assuming M,,, = 200. 
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Figure 9. Molecular mass distribution predicted by 
model assuming M,,, = 200. 
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Figure 6. nb* as a function ofp* in random 
degradation (Case I), nb as a function o f p  in 
non-random degradation (Case 11) and p** 
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Figure 8. MALDl spectra of DMF extracts. 
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